; data Belle, 1984) , although its extracellular use with intact cells presents difficulties due to nonspecific side effects from over 400 cells were used in the present study. As recently demonstrated by us, repeated rounds of RE can (such as inhibition of Ca 2+ channels), in common with other members of this group of compounds. To circumbe sequentially activated in a virtually identical manner if cells are stimulated to intermittently secrete by short vent this problem, we introduced calmidazolium into the patch pipette to assess its effects. At a concentration of depolarizing trains ( Figure 1A ) (Artalejo et al., 1995) . Under these conditions, cells release only ‫%2ف‬ of their 10 Ϫ7 M, this compound completely blocked RE without affecting Ca 2+ currents or exocytosis (Table 1) . granular contents per round, thus remaining secretion competent for a substantial time. This experimental parAs a third completely independent method of inhibiting endogenous CaM, we introduced anti-CaM monoadigm is crucial in the evaluation of high M r antagonists introduced into the cell via the patch pipette: one round clonal antibodies into the patch pipette and tested their effects on RE. Previous work has shown that these antiof RE is recorded shortly after establishing the wholecell configuration as a control, then several minutes are bodies are entirely specific for CaM (for example, they do not react with other Ca 2+ -binding proteins such as allowed to elapse for peptides or antibodies to diffuse into the cell interior after which a second round of secre-S100, troponin C, and calbindin) and antagonize CaM actions in vitro and in permeabilized cells (Sacks et al., tion and RE is recorded. Because the same cell acts as its own control, the compromise of recording control 1991; Reddy et al., 1992) . Anti-CaM IgG eliminated RE without affecting secretion or Ca 2+ currents ( Figure 2A ; and experimental traces from different cells with the attendant statistical variabilities is thus avoided. It is Table 1 ). The effect of the antibody was blocked if it was preabsorbed with a 10-fold molar excess of CaM important to note that we do not see "washout" of RE as has been reported in other systems (e.g., Parsons et ( Figure 2B ). Inclusion of CaM itself in the patch pipette had little effect on RE ( Figure 2C ), presumably because al., 1994); a critical difference in our experiments is the presence of GTP in the patch pipette, that we recently sufficient endogenous CaM remains in the cell to fulfil its function (see Discussion). We confirmed that the antidemonstrated is essential for RE (Artalejo et al., 1995) . To assess the involvement of CaM in RE and exocytosis, bodies reacted only with CaM in chromaffin cell extracts by immunoblot analysis (Figure 2A, inset) . Together, the we used four approaches: CaM-interacting peptides that act as inhibitors of CaM binding to diverse target peptide, calmidazolium, and anti-CaM antibody data strongly suggest that CaM is involved in RE but does proteins, the organic CaM antagonist calmidazolium, anti-CaM antibodies, and divalent cation specificity.
not participate in exocytosis. Payne et al., 1988) chain of events connecting Ca 2+ entry to retraction of and smooth muscle myosin light chain kinase (MLCK; the empty secretory granule, it remains possible that RS20; Lukas et al., 1986) could block RE when introother divalent cation binding proteins besides CaM parduced into the cell interior. These peptides have K d s for ticipate in the process. CaM binds several divalent catCaM of 52 nM and 1 nM, respectively, and have been ions, many of which activate the protein and can effecshown in other situations to antagonize CaM actions in tively substitute for Ca 2+ (Chao et al., 1984; Klee, 1988) . intact cells (e.g., Itoh et al., 1989; Wagner et al., 1991) .
Antagonism of CaM
However, Ba 2+ and Sr 2+ are poor activators of CaM and, Both peptides were very effective at low concentrations while activating secretion quite effectively, do not sup-(40 g/ml; ‫02ف‬ M) in eliminating RE in the second port RE when used extracellularly as charge carriers in round of stimulation (Figures 1B and 1C ; Table 1 ). Bechromaffin cells ( Figure 3A ) (Artalejo et al., 1995) . By cause RS20 is a very potent CaM antagonist, we excontrast, Mn 2+ has been shown to bind to and to activate pected that much lower concentrations would also inCaM (e.g., Wolff et al., 1977; Chao et al., 1984 ; Kuret hibit RE. Indeed, at pipette concentrations as low as 0. 2 and Schulman, 1984) and has the important property, M, RS20 still completely eliminated RE ( Figure 1C ). On as shown here and previously (Matthies et al., 1988) , of the other hand, a peptide (XRS20), based on the amino not activating exocytosis when introduced into the cell acids present in RS20 but in a random order, failed to interior. Thus, we asked whether intracellular Mn 2+ could affect RE at 20 M ( Figure 1D ). We tested whether "rescue" RE in cells stimulated in Ba 2+ -or Sr 2+ -containing XRS20 could affect CaM function in vitro by titrating its solutions. When cells were loaded with 0.1 mM free Mn 2+ effect on CaM-dependent protein kinase III activity in through the patch pipette, no effect on capacitance in chromaffin cell extracts. In such assays, XRS20 was unstimulated cells was seen, indicating that Mn 2+ does <0.1% as active as RS20 in blocking CaM (n = 5; data not activate the secretory machinery. On the other hand, not shown), validating its use as a suitable negative when cells were stimulated with either Ba 2+ ( Figure 3B ; control. None of the peptides had any significant effect Secretion was elicited by a train of 10 depolarizations, from a holding potential of Ϫ90 mV to +10 mV, each lasting 50 ms; 500 ms separated each depolarization (bars above traces in this and subsequent figures indicate time after establishing wholecell mode). Each depolarization was preceded by a 50 ms prepulse to +120 mV to recruit facilitation Ca 2+ channels (Artalejo et al., 1994 (Artalejo et al., , 1995 . Breaks in C m records correspond to application of test depolarizations. After exocytosis was complete (rising phase), C m trace declines reflecting RE (dashed line is baseline). In (B) and (C) only, the first round of RE is completed; after the peptides have diffused into the cell, RE is blocked. The current elicited by the first test depolarization is plotted underneath the capacitance trace; means are shown in Figure 3C ). Inclusion of Ba 2+ (Figure did not provoke endocytosis prior to cell stimulation.
A concern with respect to Ba 2+ and Sr 2+ is that these 3Ca) or Sr 2+ ( Figure 3Cb ) at concentrations up to 100 M in the pipette did lead to a slow rise in capacitance, cations could be inhibitors of the divalent cation receptor mediating RE. To eliminate this possibility, we loaded reflective of an activation of the secretory apparatus in 1 and 1 g, respectively) . None of the treatments had a significant effect on secretion or Ca 2+ currents (for statistics see Table 1 ). protein kinases could block the process. CaM-KII (281-these peptide antagonists had any effect on exocytosis, 302, Ala 286 ) antagonizes the kinase activity of CaM kinase it appears equally unlikely that CaM kinase II, MLCK, II by acting as a pseudosubstrate (Smith et al., 1992) , or cAMP-dependent protein kinase are involved in the but has very weak anti-CaM activity. At a concentration basic mechanism of secretion in these cells. 25-fold higher (1 mg/ml) than an RE-blocking concentration of CaM-KII 290-309 , the kinase antagonist had no effect PP-2B (Calcineurin) Inhibitors Fail to Block RE on endocytosis ( Figure 4A ; Table 1 ), suggesting that but Alter Its Kinetics CaM-KII is not involved in the process. Moreover, as
Another possible target of CaM in RE activation is PPthis peptide partially overlaps CaM-KII 290-309 , as well as 2B, a Ca 2+ -dependent serine-threonine phosphatase having a similar size and charge distribution, it constiwhose activity is dramatically stimulated by CaM (Klee tutes a useful negative control for possible nonspecific et al., 1988) . Moreover, PP-2B seemed a potential medieffects of CaM-KII 290-309. Similarly, a pseudosubstrate ator of RE as it reputedly dephosphorylates dynamin-1 peptide derived from MLCK, myosin kinase inhibitory in synaptosomes (Nichols et al., 1994) and in vitro (Liu peptide (Pearson et al., 1986) , failed to alter the kinetics et al. , 1994) . Dynamin has been shown to be critical to of either exocytosis or RE ( Figure 4B ). Another basic various types of endocytosis (e.g., Koenig et al., 1983 ; peptide, derived from the Walsh inhibitor specific for Herskovits et al., 1993) , including RE (Artalejo et al., cAMP-dependent protein kinase ), was also with-1995), and a hypothesis that dynamin phosphorylation out effect on RE. These results suggest that neither CaM cycles regulate the endocytic mechanism in nerve termikinase II nor MLCK constitutes the downstream CaM nals has been presented ; see receptor for RE and that cAMP-dependent protein kinase does not play a role in RE. Clearly, as none of Discussion, this study). We reasoned that if the CaM target for RE is PP-2B then antagonism of PP-2B func-1992). Both the PP-2B inhibitory peptide and anti-calcineurin antibodies (n = 12) also stimulated RE ( Figure  tion should interfere with RE. To assess whether PP-2B 5D; Table 1 ; and data not shown). The antibodies were might play such a role, we blocked the function of this able to recognize the ‫06ف‬ kDa ␣-subunit of chromaffin enzyme in four ways. We used the immunosuppressants cell PP-2B on immunoblots ( Figure 5F ). The similar efcyclosporin A and FK506, which inhibit PP-2B function fects of these reagents suggest that PP-2B function by binding to the immunophilins cyclophilin and FKBPmay well be important in the exo/endocytotic cycle in 12 (the drug-immunophilin complexes comprising pochromaffin cells. Nonetheless, blockade of PP-2B does tent PP-2B inhibitors), respectively (for review, see not inhibit RE, so it is unlikely that this enzyme is the Schreiber and Crabtree, 1992) . Additionally, the effect relevant target of CaM in activating RE. of introducing a calcineurin inhibitory peptide (Hashimoto et al., 1990) or anti-calcineurin antibodies into the cell was assessed. Discussion All four approaches gave essentially the same result: RE was not inhibited ( Figure 5 ; Table 1 ). In contrast,
The results presented here provide very strong evidence an enhancement of the ultrafast component of RE was that CaM is the Ca 2+ receptor for RE. Peptide antagonists routinely observed, leading to a blunted secretory C m that bind to the active conformation of CaM and block increase. This was accompanied by "excess retrieval" its binding to other proteins inhibit RE, and CaM-specific far greater than that seen normally together with an antibodies, expected to sequester CaM and render it apparent failure of the REFER mechanism (Figures 5A, incapable of interaction with other proteins, have an 5B, and 5D). The effect on C m rise did not involve an identical effect. The effect of the potent CaM antagonist effect on exocytosis per se, as the maximum rate of peptide RS20 (Lukas et al., 1986 ) was specific, as it exocytosis after the first pulse of the stimulation train could block RE at pipette concentrations of 0.2 M; and actually exceeded control values (Table 1) . Instead, the XRS20, a randomer based on the amino acid composipremature activation of RE overrode secretion such that tion of RS20, was inactive at 100-fold greater concentrathe total C m increase was severely diminished. When tions. Furthermore, the apparent cation specificity of RE cell extracts were tested for PP-2B activity after treatis in good agreement with the binding characteristics ment with immunosuppressants at maximally effective of these ions for CaM: Ca 2+ and Mn 2+ can support RE and doses, the enzyme was markedly inhibited ( Figure 5E ).
activate CaM efficiently, whereas Sr 2+ and Ba
2+
, which, The immunosuppressant effects were specific in that respectively, bind poorly and not at all to CaM, do not the closely related molecule rapamycin had no effect support RE. Interestingly, CaM has been implicated in on exo/endocytosis (n = 12; data not shown) and, when other forms of endocytosis and transcytosis (e.g., Salispreincubated with cells prior to FK506 treatment, prebury et al., 1980; Hunziker, 1994; Kubler et al., 1994) ; vented the inhibition by FK506 of both RE and enzyme thus, it may participate in various membrane recovery activity ( Figures 5C and 5E) , as has been shown in other pathways. By contrast, the failure of CaM antagonists to inhibit exocytosis, coupled with the divalent cation systems (Hultsch et al., 1991 ; Schreiber and Crabtree, (Trifaro et al., 1989; Perin et al., 1991) .
tein kinases (CaM kinase II and MLCK) by peptide antagCa 2+ has previously been implicated in various forms onists failed to affect RE or exocytosis, suggesting that of endocytosis, and recent results make it evident that neither kinase is involved in RE. Another potential medi-RE is Ca 2+ dependent in chromaffin cells (Neher and ator of CaM action is PP-2B (Klee et al., 1988) . This Zucker, 1993; Artalejo et al., 1995) . On the other hand, possibility is intriguing in view of the speculation, destudies in goldfish neurons (von Gersdorff and Matrived from observations in synaptosomes and in vitro thews, 1994) suggest that Ca 2+ inhibits a rapidly actistudies, linking PP-2B with the function of the protein vated form of endocytosis at higher concentrations dynamin-1 in synaptic endocytosis (Robinson et al., (>1 M) . In that preparation, it was claimed that CaM 1994). The hypothesis posits that PP-2B dephosphoryantagonists (W7 and CaM-KII 290-309 , as well as another lates dynamin following depolarization-dependent entry CaM-binding peptide) had no effect on endocytosis or of Ca 2+ into the nerve terminal. The dephosphorylated its inhibition by Ca
. The reasons for this discrepancy form of the protein then supposedly couples more effiwith the present data are unclear but may reflect differciently to the endocytic mechanism due to a reduction ences in the systems used. For example, we have shown in its GTPase activity. In fact dynamin does play a pivotal that the ultrafast component of RE can occur simultanerole in the recapture of synaptic vesicles (Koenig et al., ously with exocytosis in adrenal chromaffin cells (Arta-1983) and chromaffin cell RE (Artalejo et al., 1995) , as lejo et al., 1995, and the present work), whereas in goldwell as in receptor-mediated endocytosis (Herskovits fish neurons, no ultrafast component was detected and et al., 1993) , but many of the other arguments of the apparently there was always a delay in the initiation Robinson hypothesis remain unproven. of endocytosis, possibly reflecting the Ca 2+ -inhibitory We used several approaches to assess the potential process (von Gersdorff and Matthews, 1994) . Whether role of PP-2B in RE, including the immunosuppressants these differences reflect a general divergence in the FK506 and cyclosporin A, which are known to bind to mechanism of RE in neurons and other secretory cells different immunophilins and generate specific PP-2B remains to be determined, and further studies will be antagonists. These compounds have been used in nuneeded to ascertain if a Ca 2+ -dependent inhibition of RE merous studies to evaluate the role of PP-2B in physioexists in chromaffin cells. logical events (see Schreiber and Crabtree, 1992 , and Our results differ from previous studies in chromaffin Snyder and Sabatini, 1995, for reviews) . We also used cells postulating that CaM-dependent processes are ina specific peptide derived from the autoinhibitory dovolved in exocytosis. Early studies, in which cell-permemain of PP-2B (Hashimoto et al., 1990) , as well as antiant "CaM antagonists" such as trifluoperazine were calcineurin antibodies to block PP-2B function. All methfound to inhibit secretion when added to the extracelluods led to an enhancement of the ultrafast component lar medium, are complicated because of the widespread of RE, coupled with a failure of cells to recover to basenonspecific effects of these compounds on other proline after excess retrieval (the REFER mechanism). The cesses that can affect secretion (e.g., see Clapham and normal operation of ultrafast RE markedly reduces the Neher, 1984, for references and discussion). More signifmagnitude of the secretory response typically seen in icantly, introduction of anti-CaM antibodies into chrochromaffin cells (Artalejo et al., 1995) , and this phenomemaffin cells by cell fusion was shown to inhibit secretion non was exaggerated in PP-2B-inhibited cells (Figure of catecholamines (Kenigsberg and Trifaro, 1985) . . Inhibition of PP-2B also augmented the initial rate of ever, in that study, the delivery of CaM antibodies could secretion (Table 1) . Though we did not investigate this not be controlled; for example, generally far less than phenomenon further, it is interesting to note that immu-100% of the cells were "injected." Few controls, such nosuppressants increase glutamate secretion in synapas preabsorbed antibodies, Fab fragments, denatured tosomes (Nichols et al., 1994) . On the other hand, immuantibodies, etc., were performed. As these authors nosuppressant inhibition of secretion has been reported themselves admitted " ... we cannot exclude the possiin other systems (e.g., mast cell line: Hultsch et al., 1991 ; bility that the antibody-antigen interaction non-selecpancreatic acinar cells: Groblewski et al., 1994) . It is tively inhibits the secretory process" (Kenigsberg and possible to speculate that the latter effects might be Trifaro, 1985) . Observations in two other systems, Parapartially due to excess activation of endocytic mechamecium trichocyst discharge (Momayezi et al., 1987) nisms, as seen in the present work. Alternatively, PPand sea urchin eggs (Steinhardt and Alderton, 1982) , 2B may play different roles in secretion depending on suggested a role for CaM in secretion on the basis of the system, or play multiple roles in one cell type, as suggested here. antibody experiments, but invertebrate systems may measured by a computer program using a phase-tracking technique
The mechanism whereby inhibition of PP-2B en- (Fidler and Fernandez, 1989) . All experiments were carried out at hances ultrafast RE and disrupts the REFER mechanism room temperature (21ЊC-24ЊC). The patch-pipette solution conis unknown. To clarify this issue, it will be necessary to tained 110 mM Cs-glutamate, 0.1 mM Cs-EGTA, 40 mM HEPES, 5 identify the relevant substrates of PP-2B in chromaffin mM MgCl2, 2 mM ATP, 0.35 mM GTP (pH 7.2), and various additions cells. As indicated above, one possibility is that the as indicated in the figure legends. The external solution consisted target of PP-2B is dynamin . Howof 2 mM CaCl 2 , 150 mM tetraethyl ammonium chloride, 10 mM HEPES, 10 mM glucose, and 1 M tetrodotoxin (pH 7.2). In Figure   ever , this hypothesis predicts that inhibition of PP-2B chromatography on 1 ml Dowex-50 columns, the flow-through being Determination of the appropriate CaM target will be criticollected and counted by Cerenkov radiation. CaM kinase III was cal for a full understanding of the molecular basis assayed by minor modification of the method of Mitsui et al. (1993) . The reaction mixture contained 25 mM Tris-HCl (pH 7.4), 5 mM of RE.
MgSO4, either 1 mM EGTA or 0.5 mM CaCl2, 20 g chromaffin cell cytosol protein, 10 g rat liver elongation factor-2, 50 M ␥-[
P]-Experimental Procedures
ATP, and various concentrations of RS20 or XRS20. Reactions were allowed to proceed for 5 min at 37ЊC, after which [ 32 P]-elongation Cell Preparation, Patch-Clamp Current, and factor-2 was separated by SDS-7.5% polyacrylamide gel electroCapacitance Recording phoresis, the band was cut from the dried gel, and counts were Chromaffin cells were isolated from calf adrenal glands and cultured as previously described (Artalejo et al., 1995) . Capacitance was quantitated by liquid scintillation.
